Abstract The R2R3-MYB gene family is the largest MYB subfamily in plants and is involved in the regulation of plant secondary metabolism and specific morphogenesis, as well as the response to biotic and abiotic stress. However, a systematic identification and characterization of this gene family has not been carried out in Ginkgo biloba. In this study, we performed a transcriptome-wide survey from four tissues of G. biloba to determine the genetic variation and expression pattern of the R2R3-MYB genes. We analyzed 45 GbMYBs and identified 42 with a complete coding sequence via conserved motif searches. The MYB domain and other motifs in GbMYBs are highly conserved with Arabidopsis thaliana AtMYBs. Phylogenetic analysis of the GbMYBs and AtMYBs categorized the R2R3-MYBs into 26 subgroups, of which 11 subgroups included proteins from both G. biloba and Arabidopsis, and 1 subgroup was specific to G. biloba. Moreover, the GbMYBs expression patterns were analyzed in different tissues and abiotic stress conditions. The results revealed that GbMYBs were differentially expressed in various tissues and following abiotic stresses and phytohormone treatments, indicating their possible roles in biological processes and abiotic stress tolerance and adaptation. Our study demonstrated the functional diversity of the GbMYBs and will provide a foundation for future research into their biological and molecular functions.
Introduction
Plants play important role in the rise of sedentary human civilization. An important aspect of cultivation of plants for food, fiber, biofuel, medicine and other products is to sustain and enhance human life (Hricova et al. 2016; Sakar et al. 2016; Saridas et al. 2016; Solmaz et al. 2016) . Transcription factors (TFs) play key role in regulating plant development and stress responses. The functions of plant R2R3-MYB transcription factors have been characterized and were associated with the control of plant-specific processes, including primary and secondary metabolism, developmental processes, cell fate and identity, and stress responses (Dubos et al. 2010) .
MYB proteins constitute one of the largest transcription factor families in eukaryotes and are characterized by a highly conserved DNA-binding domain (DBD) known as the MYB domain (Rabinowicz et al. 1999) . The MYB domain contains up to four imperfect repeats, referred to as R1, R2, R3, and R4. Each repeat contains approximately 52 amino acid residues and encodes three a-helices, with the second and third helices forming a helix-turn-helix (HTH)
Electronic supplementary material The online version of this article (doi:10.1007/s12298-017-0436-9) contains supplementary material, which is available to authorized users. structure when bound to specific promoter sequences (Ogata et al. 1992; Stracke et al. 2001 ). The third a-helix of each repeat is a DNA-recognition helix that binds specific DNA sequences in the major groove (Ogata et al. 1994; Ogatallz et al. 1996) . Typically, three regularly spaced tryptophan (W) residues, which play a significant role in sequence-specific DNA binding, characterize the MYB repeat and form a hydrophobic cluster in the three-dimensional HTH structure (Ogata et al. 1995; Wilkins et al. 2009 ). In plants, the first Trp of R3 is always substituted by Phe or Ile (Ambawat et al. 2013) . This alteration in R3 may lead to functional variation in specific cell processes.
In plants, the MYB family is classified into four subfamilies, 1R-, R2R3-, R1R2R3-and 4R-MYBs based on the number of DBD repeats (Dubos et al. 2010) . Among the four MYB subfamilies, R2R3-MYB proteins have two adjacent DBD repeats, known as R2 and R3, in the N-terminal and comprise the largest MYB subfamily in plants (Goral et al. 2012) . The length of this highly conserved domain is approximately 105 amino acids, and it is critical for the function and DNA binding (Wu et al. 2003b) . In addition to the MYB domain in the N-terminal, R2R3-MYB proteins have other conserved motifs, such as activation or repression domains in the C-terminal (Jin and Martin 1999) . Compared to the N-terminal, the C-terminal domains are not notably conserved and are highly divergent. They always function as trans-acting domains (TAD) responsible for the regulatory activity of the protein (Ambawat et al. 2013) . Based on the conservation of C-terminal motifs, the large R2R3-MYB family in Arabidopsis thaliana has been divided into 22 subgroups, which often categorize proteins based on their functional relationships (Kranz et al. 1998; Stracke et al. 2001 ). This classification was also applied to R2R3-MYB proteins in other plants species, although the groups of several species diverge slightly (Du et al. 2012; Li and Lu 2014; Stracke et al. 2014; Tombuloglu et al. 2013; Wang et al. 2015) .
The first plant MYB gene, COLORED1, was isolated from Zea mays and encodes a c-MYB-like TF involved in anthocyanin biosynthesis (Paz-Ares et al. 1987) . Subsequently, a large number of plant MYB TFs have been investigated in numerous plants. To date, 8746 MYB sequences are available in the plant TF database (http:// planttfdb.cbi.pku.edu.cn/). Large amounts of data on the role of MYB proteins in plants have provided comprehensive descriptions and clear classifications of plant MYBs. Based on the sequences of MYB domains from several organisms, evolutionary studies proposed that plant R2R3-MYB genes evolved from an R1R2R3-MYB gene ancestor and that the first repeat was lost (Lipsick 1996; Rosinski and Atchley 1998) . Additionally, the R1R2R3-and R2R3-MYB genes coexisted in eukaryotes before the divergence of plants and animals. In MYB evolution in plants, the expansion of the R2R3-MYB family was considerable and believed to be correlated with its diverse functions (Riechmann et al. 2000) .
In recent years, as a growing number of plant genomes have been sequenced, the R2R3-MYB families have been annotated genome-wide in several plant species. A different number of gene family members have been reported in various species. For example, A. thaliana has 126 members, Oryza sativa has 109 members, Populus trichocarpa has 192 members, Salvia miltiorrhiza has 110 members, Beta vulgaris has 70 members, Gossypium raimondii has 205 members, Z. mays has 157 members, and the Brassica rapa ssp. Pekinensis has 256 members (Du et al. 2012; Dubos et al. 2010; He et al. 2016; Li and Lu 2014; Stracke et al. 2014; Wang et al. 2015) . To date, the B. rapa ssp. Pekinensis has the largest R2R3-MYB family among the sequenced plants. The variation in the number of R2R3-MYB family members from different plant species may be due to genomic duplication events or environmental adaptation, indicating the specificity after divergence from the last common ancestor (Cannon et al. 2004; Flagel and Wendel 2009; Wilkins et al. 2009 ).
Genome-wide identification of R2R3-MYB families allows for an in-depth elucidation of their characteristics and regulatory mechanisms in plants. The role of the R2R3-MYB family in the model plant Arabidopsis has been extensively studied. Comparative phylogenetic studies of R2R3-MYB proteins from Arabidopsis and other plant species suggested that the function of R2R3-MYBs in the same subgroup was usually consistent with that of Arabidopsis (Li and Lu 2014) . Thus, phylogenetic-based analysis may be used to predict the function of MYBs from other organisms. Moreover, application of de novo sequencing also provides another method to investigate the transcripts of the R2R3-MYB gene family when there is a lack of genome sequencing data in plants .
Ginkgo biloba L. is the only remaining species of Ginkgoaceae and is often called a ''living fossil'' . Geological records have shown that G. biloba exhibits minor changes in its morphology, indicating its strong adaptability in changing environments and tolerance of harsh conditions (Royer et al. 2003) . As a dioecious plant, G. biloba is one of the most popular functional plants used worldwide today, especially for medicinal purposes (Cheng et al. 2013) . Among extracts of the G. biloba leaves, EGb 761 is one of the most widely used preparations and contains active compounds such as 24% ginkgo flavonoid glycosides and 6% terpene trilactones (DeFeudis and Drieu 2000) . Flavonoids have remarkable pharmacological and clinical effects and are widely used in many countries to treat cardiovascular diseases and cancer (DeFeudis et al. 2003) . Flavonoid biosynthesis is derived from the phenylpropanoid pathway, and their structural genes are regulated by various TFs, including HLHs, MYBs and W40 proteins (Koes et al. 2005) . In G. biloba, most structural genes of the flavonoid biosynthetic pathway have been isolated, including PAL, CHS, CHI, F3H, FLS, and ANS (Xu et al. 2012) . Additionally, MYB-binding sites were found in the promoter regions of several ginkgo flavonoid biosynthetic genes, such as GbCHS, GbFLS, and GbCHI (Cheng et al. 2011; Xu et al. 2012) . However, knowledge of the function of ginkgo R2R3-MYB genes is limited because very few reports have examined ginkgo MYBs. In this study, to evaluate the role of MYB genes in ginkgo development, defense and flavonoid biosynthesis, we performed a transcriptome-wide analysis of the R2R3-MYB gene subfamily in G. biloba.
Materials and methods

Identification of R2R3-MYB transcriptional factors in ginkgo
With Illumina pair-end sequencing technology, the transcriptome of G. biloba was previously sequenced using four G. biloba organs, including leaves of male trees, leaves of female trees, stamens, and gynoecia, which yielded 67,254, 59,527, 30,771 and 35,113 unigenes, respectively (unpublished data) . All unigenes were annotated using BLAST alignments with query databases, including NCBI-Nr, KEGG, Swiss-Prot, and COG. These transcriptomes provided datasets for gene screening and transcriptional profiling in G. biloba, for which the genome is not sequenced. For identifying the R2R3-MYB TF proteins from the transcriptomic data, the key words ''MYB'' and ''R2R3 MYB'' were used as queries to search against these annotated unigenes. The 5 0 terminal fragments of the encoded R2R3-MYB genes were obtained from the search results. When R2R3-MYB genes identified from the transcriptome overlapped completely, the gene with the longer nucleotide sequence was reserved. The coding sequences were manually retrieved with ORF Finder (http://www.ncbi.nlm.nih.gov/projects/ gorf/) and were then validated by BLASTX.
Analysis of the MYB domain and other motifs
For the analysis of MYB domains of G. biloba R2R3-MYB TF proteins, the amino acid sequences of R2 and R3 repeats were aligned by ClustalW using MEGA version 5.1 software. The WebLogo server (http://weblogo.berkeley. edu/logo.cgi) was used to create the sequence logos for R2 and R3 MYB repeats by submitting the multiple alignment sequences. The MEME Suite v4.11.1 was used to predict potential protein motifs outside the MYB domain (Bailey et al. 2009 ). The parameters of the MEME suite were based on Li and Lu (2014) . Only motifs with an e-value \1e-10 were collected for further analysis.
Phylogenetic analysis of R2R3-MYB proteins
Multiple sequence alignment, phylogenetic, and molecular evolutionary analyses were conducted by MEGA v5.1 using the amino acid sequences of R2R3-MYBs. A neighbor-joining tree was constructed with the following parameters: Poisson correction, complete deletion and bootstrap analysis with 1000 replicates. For a better analysis of the subgroups of the putative ginkgo R2R3-MYB family, 125 Arabidopsis R2R3-MYB proteins were included in the phylogenetic analysis. Arabidopsis R2R3-MYB proteins were obtained from Stracke et al. (2001) , and their amino acid sequences were downloaded from the Arabidopsis Information Resource (TAIR, https:// www.arabidopsis.org/). A known ginkgo R2R3-MYB TF was obtained from Xu et al. (2014) and was renamed GbMYB0. Sequences of the 43 GbR2R3-MYBs and 125 AtR2R3-MYBs used for tree building are listed in Table S1 .
Plant materials and stress treatments
Eighteen-year-old ginkgo trees were grown in the outdoor ginkgo garden of Nanjing Forestry University in Jiangsu Province, China. For tissue-specific expression analysis, leaves, stems, roots, stamens and gynoecia were collected from the 18-year-old seedlings. After collection, three biological replicates of each tissue were immediately frozen in liquid nitrogen and then stored separately at -80°C prior to total RNA extraction.
To maintain consistency in the stress test, we used suspended cells as materials in the abiotic stresses and hormonal treatments. Mature zygotic embryos of G. biloba were incubated to initiate the callus cultures in the MS induction medium, which was supplemented with 2 mg L -1 6-benzyladenine (6-BA) and 1.5 mg L -1 naphthaleneacetic acid (NAA). The calluses were transferred to MS liquid medium supplemented with 6-BA (2 mg L -1 ) and NAA (1.5 mg L -1 ) after two subcultures and were then cultured on a rotary shaker at 100 rpm, in the light at 25 ± 1°C. The suspension cultures were subcultured three times at 1 week intervals, and the calluses that appeared pale yellow-white, translucent, or browning were omitted. The chilling and heat treatments were performed by placing the callus lines in a 4 or 40°C growth room, respectively. For the investigation of inducible elicitors, the callus lines were treated with 100 lmol
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ABA, 100 lmol L -1 MeJa, 40 lmol L -1 ET separately and 200 mmol L -1 sodium chloride (NaCl) (Gong et al. 2006; Liao et al. 2015; Novo-Uzal et al. 2014) . The calluses without any treatment were used as controls, and samples were collected at 3, 6, 12, 24 and 48 h after the treatments.
RNA extraction and qRT-PCR analysis
The total RNA was extracted with TRIzol (Invitrogen, US) according to the manufacturer's instructions and was then treated with RNase-free DNase I (Fermentas, Germany) at 37°C for 30 min. The quantity and quality of RNA samples were assessed by agarose gel electrophoresis and a Nanodrop ND-2000 (Nanodrop Technologies, US). Reverse transcription-polymerase chain reaction was performed using a Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany).
qRT-PCR analysis was performed to investigate the transcription profile of selected genes in different subgroups. qRT-PCR was carried out on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, USA) using SYBR Green PCR Master Mix (Roche, Germany). The glyceraldehyde-3-phosphate dehydrogenase gene (GbGAPDH, GenBank Accession no. L26924) was used as the reference gene (Xu et al. 2008 ). The primers for selected genes and GbGAPDH were designed and are listed in Table 1 . Real-time PCR was performed in a reaction volume of 20 ll containing 50 ng template cDNA, 2 9 SYBR Green Real-time PCR Master Mix and 2.5 mM of each primer. The following qPCR conditions recommended by the manufacturer were used: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Three biological replicates were run for each gene at different tissues and stress treatment conditions. qRT-PCR data were calibrated relative to the corresponding gene expression level at time zero for each treatment, following the 2 -DDCT method for relative quantification (Livak and Schmittgen 2001) .
Statistical analysis
Statistical analyses were performed by one-way analyses of variance (ANOVA), and mean differences were compared by lowest standard deviation (LSD) test using SPSS 17.0 software. P \ 0.05 was considered to be statistically significant. All data are shown as the mean ± standard error of the mean.
Results
Identification of GbR2R3-MYB genes in ginkgo
Based on the data obtained from the ginkgo transcriptome assembly, 83 unigenes annotated as R2R3-MYB TFs were screened. After filtering the completely overlapping sequences, we analyzed all annotated putative R2R3-MYB sequences using open reading frame (ORF) prediction and then validated the results by BLASTP alignment with the DBDs of MYBs. Only sequences containing the two MYB domains were considered members of R2R3-MYB gene family. Then, ClustalW was used to align the amino acid sequences of the MYB repeats and validate the consensus R2 and R3 repeats. Finally, a total of 45 putative GbMYBs were identified as R2R3-MYB candidate genes in the ginkgo transcriptomes, and 42 contained complete coding regions (Table S1 and Table S2 ). The 42 genes with full-length ORFs were named GbMYB1 to GbMYB42, and the remaining three GbMYBs were named GbMYB43 to GbMYB45.
MYB domain of the G. biloba R2R3-MYB family
To elucidate the MYB-specific characteristics, we performed a multiple sequence alignment, and sequence logos of the R2R3-MYBs were generated for ginkgo and Arabidopsis (Fig S1 and Fig. 1) . The results showed that the MYB domain included two DBD repeats that are highly conserved in the N-terminal, with a length of approximately 104 amino acids. The R2 and R3 residues of the G. biloba R2R3-MYBs were highly consistent with those in Arabidopsis. In both ginkgo and Arabidopsis, the R2 repeat has three highly conserved Trp (W) residues at positions 6, 26, and 46. Similarly, the R3 repeat contains three highly conserved residues, including a Phe (F) and two Trp residues at positions 59, 78, and 97. A significant proportion of these 43 GbMYBs (33%) had a substitution of Ile (I) at position 59; two GbMYBs (GbMYB0 and GbMYB5) had a substitution of Leu (L), and GbMYB13 had a substitution of Val (V). In addition to these highly conserved Trp/Phe residues, there were also 16 residues that were completely conserved in the MYB domain of GbMYB proteins (Fig S1) . These residues were predominantly distributed between the last two conserved Trp residues of the R2 and R3 repeats and were particularly concentrated in the third helix. Less conserved residues were found between the first two conserved Trp residues (Fig. 1) . Due to its DNArecognition function, helix3 of the repeats, which directly contacts the DNA, is more conserved than helix1 and helix2. A bHLH-binding consensus motif, D/E-L-x2-R/Kx3-L-x6-L-x3-R, was found from Asp/Glu65 to Arg84 in the R3 domain of 10 GbMYBs (GbMYB1, -3, -10, -21, -23, -31, -36, -39, -41, and -45) and interacts with R-Like bHLH proteins (Fig S1) . A highly conserved motif, LRPD, is positioned from Leu50 to Asp53 and was found in the linker region of R2 and R3 in ginkgo and Arabidopsis. Additionally, this motif was also observed in P. trichocarpa, Z. mays and S. miltiorrhiza (Du et al. 2012; Li and Lu 2014; Wilkins et al. 2009 ). Six residues of the R2 repeat and four residues of the R3 repeats differed between ginkgo and Arabidopsis (Fig. 1) .
Conserved motifs outside the MYB domain
In addition to the MYB domain, the R2R3-MYB proteins contain many other important functional motifs. These motifs are less conserved than the MYB domain but are often associated with important functions. MEME suite was used to analyze these motifs, and 27 putative motifs were identified outside of the MYB domain of ginkgo and Arabidopsis R2R3-MYBs (Fig S2) . The motifs ranged from 7 to 120 amino acids, and 5 motifs were specific to GbMYB. No motifs were identified in 16 AtMYBs and 4 GbMYBs (GbMYB27, -29, -34, -36). Among these motifs, motifs 4 and 5 were the two most common motifs and were positioned downstream and upstream of the MYB domain, respectively. Eleven motifs were found in both ginkgo and Arabidopsis, suggesting that the motifs of R2R3-MYBs were evolutionarily conserved (Fig S2) . Although these motifs are functionally important, most of them are novel and should be characterized in divergent species.
Phylogenetic analysis of R2R3-MYB proteins in G. biloba and Arabidopsis
To examine the relationship between AtR2R3MYBs and these putative GbR2R3MYBs, a phylogenetic tree was constructed using the full-length R2R3-MYB amino acid sequences (Fig. 2) . As shown in Fig. 2 , there was a close resemblance between many R2R3-MYBs from G. biloba and their counterparts in Arabidopsis. Based on the phylogenetic tree and the classification model of Arabidopsis that was constructed with specific sequence motifs at the C-terminal ends, R2R3-MYBs in ginkgo and Arabidopsis were classified into 26 subgroups (S1-S26). R2R3-MYBs in a subgroup shared at least one motif outside of the MYB domain. Of these subgroups, S8, S17 and S26 were novel, while the others had been identified in previous studies of Arabidopsis (Dubos et al. 2010; Stracke et al. 2001) . Among the 26 subgroups, 11 subgroups included proteins from both ginkgo and Arabidopsis (S4, S7, S8, S9, S11, S13, S17, S18, S21, S22, S23), and 1 subgroup was specific to ginkgo (S26). As the MYB proteins in the same subgroups usually control the same metabolic pathways, our results will provide further support for functional prediction of these GbMYB genes. To predict the biological functions of ginkgo MYBs, we selected 8 GbMYB genes (GbMYB5, -8, -14, -15, -26, -30, -31, -42) from different subgroup as candidate genes because the functions of their Arabidopsis counterparts have been well studied.
Expression patterns of candidate GbR2R3-MYBs in different tissues
To investigate the expression pattern of GbMYBs in different ginkgo tissues, we performed qRT-PCR analysis using the primers shown in Table 1 . The results indicated that GbMYB8 and GbMYB14 shared similar expression patterns and were predominantly expressed in gynoecia, while GbMYB26 was predominant in the leaves (Fig. 3) . GbMYB42 was principally expressed in stamens, and GbMYB15 showed strong expression in reproductive organs (stamens and gynoecia). GbMYB31 was predominantly expressed in the leaves and gynoecia, and the other 2 MYBs (GbMYB5 and GbMYB30) had high expression in at least three of the tissues. The results suggested that these genes have a possible role in the growth and development of G. biloba.
Expression patterns of GbMYBs following abiotic stresses and phytohormone treatment
To determine if the GbMYBs were involved in the response to abiotic stresses and phytohormones, we measured the transcript level of these genes by qRT-PCR after treatment with high salinity, cold (4°C), heat (40°C), abscisic acid (ABA), salicylic acid (SA), methyl jasmonate (MeJa), and ethephon (ET). As shown in Fig. 4 , among the 8 candidate genes, GbMYB15 and -26 were induced by all 7 treatments at varying levels, GbMYB31 was induced by 5 treatments, and the other 5 genes were induced by 6 treatments. All candidate GbMYBs were induced by heat stress, and 5 (GbMYB14, were induced by cold stress. GbMYB14, -30, and -42 were up-regulated by heat treatment but down-regulated by cold. In contrast, following both cold and heat stress, the expression level of GbMYB15 was up-regulated, but GbMYB26 showed the opposite results. Five GbMYBs (GbMYB5, -8, -15, -26, and -31) were significantly up-regulated in response to NaCl, and the expression of GbMYB14, -30 and -42 remained constant under NaCl stress. Except for GbMYB31, which was not induced by MeJa treatment, the other candidate MYB genes were significantly affected by the phytohormones ABA, SA, MeJa and ET. Interestingly, all GbMYBs were up-regulated following SA and ET treatment, and the expression of these GbMYBs, except GbMYB 15, was also up-regulated by ABA.
GbMYBs
Discussion
Characterization of R2R3-MYB TFs in G. biloba R2R3-MYB proteins are the largest group of MYB TFs and appear to be specific to plants and yeast (Jin and Martin 1999) . Many R2R3-MYB gene families have been identified in various sequenced plant species, and there are a different number of members in various species (Dubos et al. 2010; He et al. 2016; Li and Lu 2014; Stracke et al. 2001 Stracke et al. , 2014 Wang et al. 2015) . Genome-wide bioinformatics analyses and functional studies have provided abundant data on R2R3-MYB families in plants. Although many studies have examined plant R2R3-MYB families, few members of this family have been characterized in gymnosperms. Additionally, little data are available on the size of the R2R3-MYB family and the structural features of these proteins in gymnosperms. Thus, it is difficult to characterize this family in the non-sequenced organism G. biloba. In this study, we used Arabidopsis as a reference for identifying GbMYBs from the transcriptome of G. biloba. Forty-five GbMYB genes with classic MYB domains were identified from the full-transcriptome data of ginkgo. The analysis indicated a small MYB family, which may due to genomic duplications or the limitation of data sources used in the study. More precise protein analyses need to be performed with the results from whole genome sequencing studies in the future. Our results showed that the DBD domains of ginkgo MYBs are highly conserved, while the C-terminal sequences vary considerably, which is consistent with the results from other plant MYBs (Dubos et al. 2010; Stracke et al. 2001) . Among the DBD domains, the distribution of conserved amino acids in ginkgo and Arabidopsis was quite similar with a few exceptions, indicating that this domain is highly conserved across plant MYB genes (Fig. 1) . The major structure of the DBD for ginkgo is -W-
In position 59 of the GbMYBs, Trp was substituted with the nonpolar amino acids Phe (61%), Ile (33%), Leu (4%), and Val (2%). These substitute residues have a similar hydrophobicity to Trp and may have few effects on the hydrophobic core of the MYB domain. The other conserved residues in the MYB domain were found to be predominantly concentrated in the third helix, suggesting that helix3 is more conserved than helix1 and helix2. The highly conserved helix3 sequence in ginkgo may indicate its functional conservation, and the residue substitutions in helix3 may affect the DNA recognition.
Phylogenic relationship and functions in various biological processes
Phylogenetic-based classification of genes into subfamilies is supported by the gene structure and domain analysis. In general, members of the same subfamily often share similar sequences, conserved motifs and even binding partners, and they are likely to share similar functions (Singh et al. 2014; Wu et al. 2003a) . Therefore, when lacking sufficient data, functional characterization of unknown proteins is generally carried out based on comparisons with annotated proteins Stracke et al. 2014; Tombuloglu et al. 2013) . The R2R3-MYBs in Arabidopsis have been well studied and were used to predict the possible functions of the identified ginkgo MYBs. We performed a phylogenetic analysis of GbMYBs and AtMYBs and divided the 168 proteins into 26 subgroups. For many MYB proteins, no motif was found in C-terminal to group them. Twentynine of the 43 GbMYBs were divided into different subgroups, and 27 GbMYBs were classified in the same subgroup as the Arabidopsis proteins, indicating the evolutionary conservation of plant MYB proteins. One new R2R3-MYB subgroup, S26, in ginkgo was identified and indicated that these two proteins may have species-specialized functions that were either lost in Arabidopsis or were acquired after divergence through evolution (Dubos et al. 2010; Matus et al. 2008) .
Members of the plant MYB gene family have a unique expression pattern in different tissues or under various treatments, indicating diverse or similar functions in different cases. Several MYB genes were expressed in specific tissues and are believed to be involved in plant growth and development, while others were expressed in a tissue-specific manner after treatment or stimuli (Chen et al. 2006; Kranz et al. 1998; Stracke et al. 2007 ). For example, the Arabidopsis AtMYB21 gene was specifically expressed in flower buds, and AtMYB26 and AtMYB103 were primarily expressed in anthers (Higginson et al. 2003; Shin et al. 2002; Steiner-Lange et al. 2003) . AtMYB19 transcripts were only detected after infection with Pseudomonas syringae (Kranz et al. 1998) . In this study, of the eight candidate GbMYB genes, four GbMYBs showed higher expression in the reproductive organs (GbMYB8, -14, -15, and -42), suggesting that these genes may be involved in the development of flowering.
GbMYB15 and GbMYB16 were found to be MIXTA-like TFs that contain a conserved motif of AQWESARxxAExRLxRES (motif 11) and were classified in subgroup 9 with AtMYB16, -17, -106 (Bedon et al. 2014) . MIXTA-like TFs are known to regulate trichome development and epidermal cell differentiation and have a putative role in early inflorescence development (Baumann et al. 2007; Jakoby et al. 2008; Perez-Rodriguez et al. 2005; Zhang et al. 2009 ). S13 contains GbMYB4, , and the AtMYBs in this subgroup are involved in the regulation of lignin deposition, stomatal aperture, and responses to abiotic stresses (Liang et al. 2005; Newman et al. 2004; Shin et al. 2002) . GbMYB14 had the highest expression in gynoecia, suggesting a possible role in the lignin deposition of female flowers. GbMYB12, were grouped in S21, which predominantly includes positive regulators for secondary wall thickening that function in lateral organ separation and axillary meristem formation Zhong et al. 2008) . GbMYB42 had the highest expression in stamens, indicating that it may be involved in the differentiation of staminate flowers. GbMYB7, were grouped in S22, which has AtMYBs associated with stress responses (Jung et al. 2008) . S18 contains GbMYB35, -37, and 7 AtMYBs are grouped into S18. The Arabidopsis members are predominantly involved in flowering and anther development (Allen et al. 2007; Gocal et al. 2001; Li and Lu 2014) . In addition, AtMYB41 and AtMYB102 in S11 have been suggested to have a role in cell expansion and integration of signals derived from wounding and osmotic stresses, respectively (Cominelli et al. 2008; Denekamp and Smeekens 2003) .
Candidate GbR2R3-MYB genes involved in flavonoid biosynthesis
Flavonoids are important secondary metabolites that serve a variety of developmental and defensive functions in plants (Hichri et al. 2011) . They accumulate in all tissues of plants at different developmental stages. Flavonoid biosynthesis is predominantly regulated by TFs at the transcriptional level of the structural genes, depending on the environmental conditions . In Arabidopsis, R2R3-MYBs that control flavonoid biosynthesis have been characterized. They appear to be distributed in specific subgroups, including S3, S4, S6, S7 and S17, with different expression patterns (Dubos et al. 2010; Zhou et al. 2009 ). Seven GbMYBs are clustered into the same subgroup with the AtMYBs that are involved in flavonoid biosynthesis, including GbMYB1, . This indicates that G. biloba genes belonging the same subgroup are potential regulators of flavonoid biosynthesis. We also found that GbMYB26 and GbMYB31 were predominantly expressed in the leaf and gynoecia samples, suggesting that their possible regulatory role of flavonoid biosynthesis likely occurs in the leaves and gynoecia.
Moreover, GbMYB1, -3, -21, -31, and -39 contain the bHLH-binding consensus motif, which functions in the interaction between MYB and bHLH, suggesting that specific bHLH cofactors are required to act as regulatory factors, similar to other plant MYBs. The MYB proteins in plants containing the bHLH motif usually regulate flavonoid biosynthesis, and specific R/B-like bHLH proteins are needed to act as regulatory factors (Espley et al. 2007; Zhao et al. 2013; Zimmermann et al. 2004) . The interaction between R2R3-MYB and bHLH controls the enzyme activity of flavonoid biosynthesis and thus alters the level of flavonoid production (Koes et al. 2005; Nakatsuka et al. 2009 ). A study from Xu et al. (2014) showed that GbMYB0 is closely related to the repressor R2R3-MYB subfamily involved in flavonoid biosynthesis and may repress transcription of key regulators of flavonoid biosynthesis in G. biloba. GbMYB5 and GbMYB13 were grouped in the same cluster (S8) with GbMYB0, indicating that these two GbMYBs may also be involved in flavonoid biosynthesis processes. Additionally, the deduced amino acid sequence of GbMYB5 is highly similar to that of GbMYB0, with a 99.1% homology. Therefore, the phylogenetic and bioinformatics analyses showed that 8 GbMYB genes, including GbMYB1, -3, -5, -21, -26, -31, -33, and -39, are possibly involved in the regulation of flavonoid biosynthesis. We should consider these GbMYB genes as candidate regulators of flavonoid biosynthesis for further functional analysis.
Candidate stress-responsive R2R3-MYB genes in G. biloba
Because plants are sessile organisms, they are directly exposed to common adverse environmental factors that are known to induce oxidative stress, and they must develop a broad range of complex defense systems to adapt (Bohnert et al. 1995; Mittova et al. 2004) . Elucidating the stress perception, signaling, and response mechanisms of plants is essential to understanding how they improve their stress tolerance in environmentally demanding conditions. In recent years, accumulated evidence has indicated that numerous R2R3-MYB genes could enhance plant tolerance to biotic and abiotic stresses, such as salinity, cold, heat, drought and wounding. This is predominantly mediated by regulating the expression of stress-related genes and subsequently altering multiple signal transduction pathways and metabolic processes (Xie et al. 2014) . Although the mechanisms of R2R3-MYBs in specific metabolic pathway and stress tolerance have been well studied in Arabidopsis, the functions of the homologous R2R3-MYB genes are still unclear in most plants, particularly in gymnosperm. Gene expression profile analysis is useful for predicting the biological functions of putative proteins in ginkgo.
In this study, salinity, heat and cold were chosen for stress treatments. Salinity is one of the most severe abiotic stresses limiting plant productivity, and high salt conditions can affect various physiological processes from seed germination to plant development (Pasternak 1987) . Temperature is another important factor that can restrict plant distribution, growth and development. High or low temperatures that exceed the plant's tolerance range are characterized as an abiotic stress factor. In Arabidopsis, 44.67 and 56.85% of 197 MYB genes were down-regulated, and 47.21 and 35.02% of MYB genes were up-regulated in cold and salt stress, respectively (Katiyar et al. 2012) . In ginkgo, all candidate GbMYBs were regulated by at least two stressors, indicating that R2R3-MYBs in ginkgo are also a stress-responsive family. The expression of different GbMYBs showed different patterns under salt and extreme temperature stresses. In general, overexpressing R2R3-MYBs produces tolerance to abiotic stresses; however, several of these genes serve as negative regulatory factors and have the opposite function. For example, AtMYB15 is up-regulated by cold stress, but its overexpression negatively regulates cold tolerance, and it also leads to an increase in drought and salt tolerance (Agarwal et al. 2006; Ding et al. 2009 ). Although the abiotic stress-related AtMYBs have been well characterized, the mechanisms of how they respond to stress signals and regulate the expression of downstream genes have rarely been studied.
Signaling molecules, including ABA, SA, MeJa and ET, in higher plants play key roles in activating plant defense mechanisms in response to biotic and abiotic stresses, as well as participating in biological development (Cutler et al. 2010; Dong 1998; Fujita et al. 2006; Wasternack and Hause 2002) . The signal pathway of ABA predominantly responds to abiotic stresses, such as drought, cold, and osmotic stress and also regulates various growth and developmental processes. In contrast, SA, MeJa and ET play essential roles in biotic stress signaling against pathogen infection (Fujita et al. 2006) . Plant R2R3-MYB proteins involved in hormonal responses have been reported during growth and development processes and are often related to abiotic and biotic stress tolerance (Ambawat et al. 2013) . Our study showed that almost all of the 8 GbMYBs were induced by the four phytohormones (ABA, SA, MeJa and ET), indicating that these GbMYBs are strongly induced by a wide range of signal molecules and may be involved in crosstalk between signal transduction pathways in response to various stresses. Several AtMYBs were found to be involved in crosstalk between different stresses. For example, AtMYB96 is a key regulator in biotic and abiotic stress by linking ABA-mediated signals with SA biosynthesis and pathogen resistance response (Seo and Park 2010) . AtMYB44 regulated ABA-mediated stomatal closure in response to abiotic stresses, and its overexpression enhanced tolerance to salt and drought stresses, as well as Pseudomonas syringae resistance (Jung et al. 2008; Liu et al. 2010) . Thus, in addition to putative roles in biological processes, the GbMYBs may also play complicated and crucial roles in response to biotic and abiotic stress. Further studies are required to elucidate the molecular mechanism underlying the involvement of the GbMYBs in ginkgo tolerance to biotic and abiotic stress.
In conclusion, we identified 42 full-length R2R3-MYB genes for the first time from the RNA-seq data of ginkgo. Although the distribution of amino acid residues at various positions was different between GbMYBs and AtMYBs, their conserved residues were quite similar. The conserved domains of the GbR2R3-MYB genes were analyzed and provided additional evidence for the subgroup definition. Based on the phylogenetic analysis, the GbMYBs and AtMYBs were divided into distinct functional categories, and their putative roles were predicted. GbMYBs in S4, S7, S8 and S17 are potential regulators of flavonoid biosynthesis. The qRT-PCR analysis showed that GbMYBs also act as stress-responsive genes in ginkgo. These phylogenetic and expression analyses will be useful for elucidating the gene functions, and the characterization and validation of their roles are needed in the future.
